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a b s t r a c t
The mammalian genome encodes two A-type cyclins, which are considered potentially redundant yet
essential regulators of the cell cycle. Here, we tested requirements for cyclin A1 and cyclin A2 function in
cerebellar development. Compound conditional loss of cyclin A1/A2 in neural progenitors resulted in severe
cerebellar hypoplasia, decreased proliferation of cerebellar granule neuron progenitors (CGNP), and Purkinje
(PC) neuron dyslamination. Deletion of cyclin A2 alone showed an identical phenotype, demonstrating that
cyclin A1 does not compensate for cyclin A2 loss in neural progenitors. Cyclin A2 loss lead to increased
apoptosis at early embryonic time points but not at post-natal time points. In contrast, neural progenitors of
the VZ/SVZ did not undergo increased apoptosis, indicating that VZ/SVZ-derived and rhombic lip-derived
progenitor cells show differential requirements to cyclin A2. Conditional knockout of cyclin A2 or the SHH
proliferative target Nmyc in CGNP also resulted in PC neuron dyslamination. Although cyclin E1 has been
reported to compensate for cyclin A2 function in ﬁbroblasts and is upregulated in cyclin A2 null cerebella,
cyclin E1 expression was unable to compensate for loss-of cyclin A2 function.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Normal central nervous system (CNS) development requires
precise regulation of neural progenitor proliferation by extrinsic
organizing signals, mitogens, and cell-intrinsic programs. Cell pro-
liferation is driven by cyclins and their catalytic partners, the cyclin-
dependent kinases (CDKs) (Bloom and Cross, 2007). Cyclin/CDK
complexes, in concert with other proteins, control cell cycle through
regulation of multiple cell cycle phases. In the classical model,
particular cyclin/CDK complexes regulate transitions through G1, S,
G2, and M cell cycle phases. This notion has been challenged by
experiments demonstrating signiﬁcant redundancy in cyclin-CDK
binding and cell cycle progression (Aleem et al., 2005). Furthermore,
cyclins have been shown to regulate other processes not traditionally
associated with classical function, including CNS synapse develop-
ment (Odajima et al., 2011) and DNA repair (Jirawatnotai et al., 2011).
The mammalian genome encodes two A-type cyclins, testis-
speciﬁc cyclin A1 and ubiquitously expressed cyclin A2 (Sweeney
et al., 1996; Yang et al., 1997a). Whereas male meiosis is dependent
on cyclin A1 (Liu et al., 1998), cyclin A2 was originally shown to be
required for the onset of DNA replication (Girard et al., 1991).
Analyses of conventional cyclin A2 null mice revealed that these
animals fail to develop after 5.5 days postcoitum, underscoring a
critical function for this cyclin in cell proliferation (Murphy, 1999). In
addition, conditional ablation of the A-type cyclins revealed that
cyclin A2 function is essential for cell-cycle progression of hematopoi-
etic and embryonic stem cells, yet is redundant with cyclin E1 in
mouse embryonic ﬁbroblasts (Kalaszczynska et al., 2009). While
cyclin A2 expression can be induced by Sonic hedgehog (SHH)
signaling in cerebellar granule neuron precursors (CGNP) (Zhao
et al., 2002), cyclin A2 function has not been investigated in cerebellar
development.
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The cerebellar external granule layer (EGL) is populated by
cerebellar granule neuron precursors (CGNP). SHH signaling is
required for both cerebellar morphogenesis and CGNP prolifera-
tion (Dahmane and Ruiz i Altaba, 1999; Wechsler-Reya and Scott,
1999). CGNP cells emerge from the rhombic lip and then migrate
to the EGL, while Purkinje (PC) neurons originate in the hindbrain
ventricular/subventricular zone (Hatten and Heintz, 1995; ten
Donkelaar et al., 2003) and develop to become the source of
SHH proteins (Wallace, 1999). We tested the hypothesis that
proper cerebellar development generally requires function of A-
type cyclins through a conditional gene targeting approach.
Deleting cyclins A1 and A2 in neural progenitor cells results in
dysmorphic cerebella characterized by reduced growth of the
CGNP population, abnormal foliation, and PC dyslamination.
Similar ﬁndings were obtained in nestin-cre, cyclin A2ﬂ/ﬂ animals
showing that cyclin A1 is unable to compensate for loss of cyclin
A2. Increased programmed cell death was noted during early
embryonic development of cyclin A2-null neural progenitors. PC
dyslamination and abnormal proliferation was also noted in
Math1-cre, cyclin A2ﬂ/ﬂ mice, suggesting that these defects are
intrinsic to the CGNP population.
Materials and methods
Transgenic mice and animal husbandry
The generation of cyclin A1 and conditional cyclin A2ﬂ/ﬂ knockout
mice is described in Kalaszczynska et al. (2009) and references
therein (Kalaszczynska et al., 2009). These animals were then bred
to cyclin A1 null mice (Liu et al., 1998), generating cyclin A1 /A2ﬂ/ﬂ
animals. A1 /A2ﬂ/ﬂ and A2ﬂ/ﬂ mice were bred to nestin-cre mice
(Tronche et al., 1999). Nestin-cre mice show recombination in the
CNS, including all cells of the cerebellum by E13.5 (Huang et al.,
2010) and Purkinje cells of adults (Jennemann et al., 2005).
Veriﬁcation of A2 loss was performed by western blot
(Supplemental Fig. S2), in situ hybridization (Supplemental Fig.
S1), and immunoﬂuorescence (Fig. 4). Math1-cre (Schuller et al.,
2008) was crossed to A2ﬂ/ﬂmice and Nmycﬂ/ﬂ (Knoepﬂer et al., 2006)
to generate Math1-cre, A2ﬂ/ﬂ mutants and Math1-cre, Nmycﬂ/ﬂ
mutants. Veriﬁcation of Nmyc loss was performed by in situ hybri-
dization. Developmental analyses in wild-type mice were per-
formed in the CD-1 strain (Charles River). In BrdU pulsing
experiments, animals were injected with 1 mg BrdU intraperitone-
ally 2 h prior to sacriﬁce. All animal experimentationwas performed
in full compliance with the institutional review board requirements
of Dana Farber Cancer Institute, University of California, San
Francisco, and The Ohio State University.
Histology, immunoﬂuorescent staining, in situ hybridization, and
photomicroscopy
To evaluate brain morphology, experimental and control mice
were sacriﬁced at P0, P7, and adult ages, perfused, and heads or
brains were dissected and incubated in 4% paraformaldehyde.
Evaluation of embryonic time points was performed by sacriﬁcing
the pregnant mouse and drop-ﬁxing whole embryos into 4%
paraformaldehyde. Post-ﬁxation processing, immunoblotting, and
ISH were performed as described previously by our group (Fancy
et al., 2011). Brieﬂy, animals were perfused with 4% PFA, and brains
were then drop ﬁxed in 4% PFA overnight. Tissue was incubated in
30% sucrose-1XPBS at 4 1C for 24–36 h, embedded in OCT, and
cryosectioned at 12–14 μm. Cre-negative littermates represent
negative controls.
The following primary antibodies were used for immunohis-
tochemistry and western blotting: GFAP (Abcam, ab7777-500),
Calbindin (Sigma, C8666), AP2β (Santa Cruz Biotechnology, SC-
8976), Zic-1 (kind gift from R. Sega, Dana Farber Cancer Center),
cleaved Caspase 3 (Cell Signaling, 9664 and 9661), Ki67 (Vector
Labs, VP-RM04), phosphohistone H3 (Cell Signaling, 2650S), BrdU
(GeneTex, gtx26326), Tuj1 (Covance, MMS-435 P-250), Pax6 (Santa
Cruz Biotechnology, SC-7750), cyclin A (Santa Cruz, SC-53230
and SC-596), cyclin E1 (for IHC, antibody was provided by
Dr. B. Clurman; for western blotting we used Santa Cruz, SC-
481), cdk2 (Santa Cruz, sc-163 AC M2), cre (Millipore, MAB3120),
GFP (Aves Lab, 1020), cdk1 (Abcam ab71939), synapsin-I (Milli-
pore, AB1543). Appropriate secondary antibodies were purchased
from Invitrogen/Molecular Probes. For brightﬁeld and epiﬂuores-
cence, a Zeiss Axioscope with an Axiocam HRC camera and a Nikon
80i microscope with Hamatasu Orca-R2 camera was used. Con-
focal microscopy instrumentation included Axioscope 2 mot plos
with high-resolution color and monochrome camera and Axiovi-
sion 4.5 Image analysis software
In situ hybridization probe constructs for Gli1, Math1 and Shh
were generously provided by A.L. Joyner (Memorial Sloan Cancer
Center, New York, New York, USA), J. Johnson (UT Southwestern,
Dallas, USA) and A.P. McMahon (UCSF, USA), respectively. Probes
for cyclin D1 (Sicinski et al., 1995) and Nmyc (Charron et al., 2002)
and patterning genes Foxp4, Foxp2, Esrrb, Nrsf1 (Schuller et al.,
2006) have been described and the hybridization protocols are
speciﬁed therein. The cyclin A2 in situ hybridization probe was
generated from cyclin A2 cDNA construct purchased from Open
Biosystems (Clone BC052730 in pYX-Asc vector). This represents a
2770 bp fragment of cyclin A2 cDNA. To generate the antisense
probe, the plasmid DNA was linearized with NheI (NEB) and
transcribed with T3 polymease. Digoxigenin-labeled antisense
RNA probes were made using plasmid DNA as the template
(Roche). In situ hybridization with frozen sections was performed
as described previously (Zhao et al., 2002). Western blotting was
performed as described previously (Odajima et al., 2011). To
evaluate protein levels across wells, band intensity was normal-
ized to GAPDH band intensity determined by the densitometry
function of Image J.
Unbiased stereology
Unbiased stereology was performed to determine estimates of
volume and total number of cleaved-caspase 3 positive cells in the
embryonic cerebellum (Stereoinvestigator™, MBF Biosciences,
Fig. 6). Brains were cryosectioned at 50 μm (section cut thickness)
and every 5th section (section evaluation interval) was immunos-
tained with cleaved-caspase 3; Dako Envision™ kits developed the
DAB reactions, nuclei were counterstained with hematoxylin
(Electron Microscopy Solutions), and cover slips were mounted
with PermountTM (Fisher). Note that peroxidase-DAB reactions
using thick sections require increased incubation times in the ﬁnal
peroxidase reaction, and therefore it is common to see increased
background when using a thick section. Cavalieiri estimation
generated volume estimates with the following parameters: grid
size¼30 μm, shape factor¼4. Cleaved caspase-3 total cell number
estimates were obtained using optical fractionator probes with the
following parameters: counting was performed under oil immer-
sion with 100 objective, dissector height¼20 μm, dissector
volume¼50,000 μm3, counting frame height and width¼50 μm,
sampling grid was 153.9 μm162.5 μm. We use the term ven-
tricular zone/sub-ventricular zone (VZ/SVZ) to designate the 4th
ventricular germinal neuroepithelium of the cerebellum, which for
quantiﬁcation purposes included the dense band of neural pro-
genitor cells lining the 4th ventrical.
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Cerebellar GNP cultures
CGNP in vitro cultures were performed as described previously
(Heine et al., 2011). Brieﬂy, all cells were cultured in 37 1C
humidiﬁed incubators set at 5% CO2 and room air. Cerebellar
Granule Progenitor Cell Cultures (CGNP's) were isolated from
wild-type (WT) A1þ /þA2ﬂ/ﬂ mice at postnatal day 5 (P5) and
cultured overnight in the presence or absence of SHH (3 mg/mL) in
24 well plates (Falcon) with cover slips treated with poly-ornithine
(Kenney and Rowitch, 2000; Knoepﬂer et al., 2002). For infection,
a replication incompetent adenovirus (Vector Labs, Catalogue
# 1700) expressing cre and gfp on separate promoters was used;
control was gfp-only adenovirus (Vector Labs, Catalog # 1060).
Protocols were adapted from others described previously (Kenney
et al., 2003; Mills et al., 2003; Troussard et al., 2003). On day
1 post-plating, half of the media was removed, and cells were
incubated with 1 μl of adenovirus (titer¼1010 PFU/ml) per well of
the 24 well plate for 1 h at 37 1C. Next, 250 μl of media with SHH
(or vehicle) was added directly to the cells, and the cells were re-
incubated for three hours. After three hours, the cells were re-fed
with fresh media (containing SHH or vehicle) and returned to the
incubator. DMSO was added on day 2 post-plating, and BrdU was
administered directly to the culture medium at 25 μg/ml for 2 h on
day 3 post-plating (day 2 post-infection). GFPþ and pH3 stains
were used to quantify the mean proportion of GFPþpH3þ cells.
Statistical analysis
Post-natal quantiﬁcations of cell number, cell density, and
tissue area were obtained using NIH ImageJ. Statistical analysis
was carried out using Microsoft Excel 2011 or R v2.12. The EGL was
deﬁned morphologically as a sub-pial dense band of neural cells
separated from the deeper cerebellar cortex by a hypocellular
molecular layer. Effort was made to quantify similar areas of EGL
based on unaffected anatomical landmarks, despite the variations
in cerebellar size amongst the experimental conditions. The EGL
proliferation quantiﬁcation was performed as described previously
(Heine et al., 2011; Heine and Rowitch, 2009). For post-natal EGL
area, at least three serial cross-sectional areas at the center of the
lobules from three mice per condition were obtained using ImageJ.
Due to the difference in sizes between the controls and mutants,
we used the olfactory bulb and lateral ventricles to conﬁrm the
similarity in anatomical area sampled. Similarly, proliferation was
recorded by counting the number of proliferative cells in the EGL
from at least three serial cross sctions from three mice per
condition. Such “counts per section” are standard metrics used
to evaluate post-natal cerebellar development (Chen et al., 2005;
Falluel-Morel et al., 2008; Klein et al., 2002). The results were
qualitatively veriﬁed by analysis of over three litters; the data
illustrated was pooled from mice of two litters. Statistical hypoth-
esis testing was performed using Student's T-test and ANOVA/
Tukey HSD tests as indicated. The threshold for signiﬁcance was
set to α¼0.05. For these analyses, we deﬁned the EGL as a
cytoarchitectural structure characterized by a dense collection of
cells between the cerebellar pial membrane and the hypocellular
molecular layer.
Results
Proliferating neural progenitor cells and post-mitotic neurons express
cyclin A2
To investigate the role of cyclin A2 during CNS development, we
performed western blot analysis of cyclins and CDKs on total
cerebral or cerebellar protein lysates at different postnatal ages.
The ages represent proliferative ages (P0 to P7) and non-
proliferative ages (8 months post-natal age) during cerebellar
development. The cerebellar protein extracts were compared to
cerebral cortex, which has signiﬁcantly less proliferation at the
early post-natal ages. Cyclin A2 protein can be observed in two
isoforms, a full-length (“A60”) form and an N-terminal truncated
form (“A38”) lacking the N-terminal “destruction” D-box (Welm
et al., 2002) (Fig. 1A). We noted primarily the A60 isoform in
cerebellum from P0 to P7, after which the smaller A38 isoform
predominates (Fig. 1B). This is in direct contrast to cerebral cortex,
where the A38 isoform was the predominant band throughout
postnatal development. A38 protein levels showed positive corre-
lation with synapsin levels (a marker of neuronal maturation in
both cerebellar and cerebral cortex (Valtorta et al., 2011)). In
contrast, E11.5 whole brain extracts (a time characterized by
robust forebrain neural progenitor proliferation) showed high
levels of A60. High expression of CDK1, CDK2, and CDK4 during
early postnatal cerebellar development is consistent with high
cerebellar proliferation at this stage. In contrast, cerebellar
Fig. 1. Cyclin A2 expression during CNS development. (A) Schematic of cyclin A2
protein structure illustrated D-box, cleavage point, and CDK interacting domain.
(B) Western blotting of forebrain and cerebellum during post-natal development.
Cyclin A2 becomes processed into two forms (denoted on right of blot as A60 and
A38). Top shows labels of post-natal dates, and on the left side of panel is the
antibody used in the blot. Note that markers of proliferation cyclin A2, cdk1, cdk2,
and cdk4 are robustly expressed in post-natal cerebellum whereas synapsin (a
marker of differentiation) is seen at later post-natal ages (CB¼cerebellum,
CTX¼cerebral cortex).
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maturity (post-natal age over 1 month) was correlated with high
protein levels of cdk5 and p27. We conclude that (1) A60 pre-
dominates during the time windows of cerebellar growth and
(2) A38 predominates during times of cerebellar maturation.
The above ﬁndings suggested to us that A60 would be
expressed in cycling progenitor cells whereas A38 would be found
in differentiated cells. We tested this hypothesis by performing
confocal microscopy of cyclin A2 expression in the developing
murine CNS in CD1 mice at E11, P7, and adult (Fig. 2). We found at
Ell.5 cyclin A2 protein expression in ki67-positive and pH3-
positive cells of the VZ/SVZ, with some cyclin A2-positive cell
processes oriented apically towards the pial surface. Of note, Tuj1-
positive cells were cyclin A2-negative at E11 (Fig. 2C). We found no
signiﬁcant GFAP expressed in the VZ/SVZ before P0, which is
concordant with other studies (Tramontin et al., 2003). The P7
cerebellum showed cyclin A2-positive cerebellar granule neuron
progenitors in the proliferative EGL-a that were negative for Tuj1
and GFAP (Fig. 2G and H). Similar to other reports (Ikeda et al.,
2011), we noted that mitotic cells in the EGL-a expressed cyclin A2
(Fig. 2D–F). Cyclin A2 did not colocalize with astrocytes at any time
point investigated. Adult cerebral cortical neurons showed cyclin
A2 localized to their nuclei and soma. Similarly, the adult cere-
bellum showed cyclin A2 localization in the neuronal somata and
nuclei of PC cells and was expressed in the neuropil of the internal
granule layer (IGL) (Fig. 2I–L). We conclude that during neurogen-
esis, a period characterized by A60 predominance, proliferating
progenitor cells express cyclin A2. In contrast, adult neurons, a
period characterized by A38 predominance, express nuclear and
cytoplasmic cyclin A2.
Cerebellar cortical lamination and foliation require cyclin A2
We tested whether cerebellar development requires cyclin A
function through a conditional gene targeting approach. Our
analyses focused on post-natal cerebellar development when
cerebellar growth is most robust. Cyclin A1 /A2ﬂ/ﬂ (referred to
hereafter as A1 /A2ﬂ/ﬂ) or Cyclin A2ﬂ/ﬂ (referred to hereafter as
A2ﬂ/ﬂ) compound mutant mice were bred to nestin-cre transgenic
Fig. 2. Cyclin A2 protein localization during DNS development. Cryosections of ﬁxed CD1 mouse embryos were stained for cyclin A2 in cells undergoing cell cycle (Ki67),
mitotic cells (pH3), neurons (TUJ1), and astrocytes (GFAP). Sections were counterstained with DAPI to visualize nuclei (Blue). Animal ages and anatomical locations are
depicted in the top row, and molecular markers are color coded on the left hand side. Cyclin A2 expression is noted in proliferating, undifferentiated neural stem cells at E11.5
(A–D). In the P7 cerebellum (E–H), cyclin A2 localizes to proliferating and mitotic cerebellar granule neuron progenitor cells and is excluded from differentiated neurons and
astrocytes (E–H). In adult CNS, cyclin A2 is expressed in neurons. In panel B2, cerebellar folia numbers are placed in quotations (e.g., “X”). (Scale bars¼10 μm, EGL¼external
granule layer, PC¼Purkinje neuron, IGL¼ internal granule layer, ML¼molecular layer, V¼ventricle).
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animals to induce recombination generally in neural progenitors.
Although CGNP's and PC's are derived from distinct stem cell
compartments, the progenitors of both pass through a nestin-
positive stage, and therefore both precursor pools are expected to
undergo recombination. Such nestin-cre, A1 /A2ﬂ/ﬂ mice survived
the perinatal period but showed delayed growth and gross motor
deﬁcits when compared to cre-negative littermates (Supplemental
Fig. S1A–D). Postnatally, nestin-cre, A1 /A2ﬂ/ﬂ and nestin-cre, A2ﬂ/
ﬂ mice died by 1 month of age. We conclude that loss of cyclin A2
results in post-natal lethality.
We veriﬁed the loss of cyclin A2 in mice by in situ hybridization of
nestin-cre, A1 /A2ﬂ/ﬂ animals (Supplemental Fig. S1E and F). Control
cerebella show high expression of cyclin A2 in the EGL; this
expression is lost in the A2 null animals. Evaluation of the cyclin D1
ISH demonstrated robust expression of cyclin D1 in the EGL of control
and nestin-cre, A1 /A2ﬂ/ﬂ mice, but the size of the EGL was
diminished relative to the control (Supplemental Fig. S1G and H).
To investigate the effect of cyclin A2 loss in cerebellar development,
we evaluated cerebellar morphology in nestin-cre, A1 /A2ﬂ/ﬂ mice
at P0 and P7. At P0, before normal foliation is apparent in the control,
the EGL is signiﬁcantly diminished in the nestin-cre, A1 /A2ﬂ/ﬂ mice
(Fig. 3C1″ and C2″). At P7, control cerebella show well-formed folia,
whereas the nestin-cre, A1 /A2ﬂ/ﬂ mice only folia IX and X are
clearly apparent (Fig. 3D1 and D2). Of note, in the caudal cerebellum,
some preservation of the EGL was noted, whereas the rostral EGL
was more affected in the nestin-cre, A1 /A2ﬂ/ﬂ mice (Fig. 3B1′ and
B2″). In addition, the nestin-cre, A1 /A2ﬂ/ﬂ mice showed marked
dyslamination of the PC layer and no apparent molecular layer. We
conclude that cerebellar cortical lamination and foliation require A-
type cyclins.
Extensive crosstalk occurs between the diverse cellular consti-
tuents of the cerebellum during development. For example, PC's
synthesize SHH for CGNP proliferation, and therefore intrinsic
defects in PC patterning may cause the cytoarchitectural defects
noted in the cyclin A2 mutants. We therefore tested for abnormal
patterning of PC's in cyclin A-deﬁcient mice. To investigate this, we
performed in situ hybridization for the PC patterning genes Foxp4,
Foxp2, Esrrb and Nrsf1 at P0 (Fig. 4A–D) and P7 (Supplemental Fig.
S2C–F) (Schuller et al., 2006). Despite the their dysmorphic
cerebella, nestin-cre, A1 /A2ﬂ/ﬂ mice retained similar rostral-
caudal expression domains for these genes at P0 with Foxp2 and
Nrsf1 extending slightly more rostrally in the mutant (arrows in
Fig. 4A–D outline rostral-caudal expression domains). At P7, PC's
showed developmentally appropriate expression of Foxp4, Foxp2,
Esrrb and Nrsf1 in both control and Nestin-cre, A2ﬂ/ﬂ mice
(Supplemental Fig. S2C–F). We conclude that the PC patterning
genes Foxp4, Foxp2, Esrrb and Nrsf1 show appropriate rostro-
caudal expression domains in nestin-cre, A1 /A2ﬂ/ﬂ mice at P0
and their developmentally appropriate expression at P7 is not
disrupted despite PC dyslamination. These data suggest that
defects in PC patterning do not mediate the dysmorphic cerebella
in nestin-cre, A1 /A2ﬂ/ﬂ mice.
To further investigate PC-CGNP crosstalk, we evaluated mar-
kers of EGL, PC, and interneurons using immunoﬂuorescence and
in situ hybridization. SHH, the major mitogen for CGNP's of the
EGL, is produced by PC neurons (Lewis et al., 2004; Wechsler-Reya
and Scott, 1999). SHH activates Smoothened signaling, leading to
upregulation of the proliferative target genes Gli1 and Nmyc in
CGNP cells (Kenney et al., 2003). As shown (Fig. 4F and N), PC's in
nestin-cre, A1 /A2ﬂ/ﬂ mice continued to express SHH despite
being dyslaminated. While drastically reduced in number, the
remaining CGNPs in the conditional cyclin A2 knockout mice were
located mainly in the caudal cerebellum of P0 and P7 animals, and
were detected by their expression of Math1 (Fig. 4E and M).
Moreover, such CGNPs expressed of Gli1 and Nmyc, albeit at lower
levels (Fig. 4G, H, O, and P, and Supplemental Fig. S3). In addition,
CGNPs from cyclin A2ﬂ/ﬂ mice infected with cre-expressing adeno-
virus were able to show a proliferative response when treated
Fig. 3. Abnormal cerebellar morphogenesis in nestin-cre, A1 /A2ﬂ/ﬂ animals. Sections represent sagittal sections stained with H&E, and the orientation is indicated to the
left of the panels. Genotypes are denoted on the top. The most pronounced difference was noted in the P7 cerebellum, which was hypoplastic, lacked foliation, and showed a
small EGL layer at the most caudal folia that dissipated on the rostral cerebellum. (Scale bars are as follows: A1, A2, B1, B2 scale bar¼100 μm. A1′, A1″, A2′, A2″, B1′, B1″, B2′,
B2″¼500 mm. 4th V¼ fourth ventrical, EGL¼external granule layer, IGL¼ internal granule layer, ML¼molecular layer, PCL¼Purkinje cell layer).
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Fig. 4. Cytoarchitectural characterization of cerebellar cortex in nestin-cre, A1 /A2ﬂ/ﬂ mice. Genotypes and postnatal ages are denoted on the top, molecular markers are
denoted on the left. (A–H) P0 mice were sacriﬁced from control and nestin-cre, A1 /A2ﬂ/ﬂ mice and evaluated for expression of FoxP4 (A1, A2), FoxP2 (B1, B2), ESRRB (C1, C2),
NRSF-1 (D1, D2), SHH (E1, E2), Gli (F1, F2), Math1 (G1, G2), and Nmyc (H1, H2) by in situ hybridization. In panels A–D, the black arrows delineate the expression domain of
these patterning genes. In panels E1-H2 and M1-P2, EGL is outlined by the black dashed line. “C” denotes caudal cerebellum, “R” denotes rostral cerebellum. P7 mice were
sacriﬁced from control (I1–P1) and conditional nestin-cre, A1 /A2ﬂ/ﬂ mice (I2–P2). In panels I–L, blue is DAPI, and the red and green immunoﬂuorescent signals are color
coded within each panel. In I1, the linear Purkinje cell layer is denoted by the white arrows, whereas in I2, the patch-like Purkinje cell layer is outlined by white dashed lines.
In J1–K2, the white dashed line delineates the PC cell layer. In K2 and L2, interneurons admixed within the patch-like PC layer are illustrated with white arrows. In M2 and
O2, “C” denotes caudal cerebellum; in N2 and P2, “R” denotes rostral cerebellum. (In I–K, CALB¼calbindin). Scale bars are as follows: A–D¼100 μm, E–H¼50 μm, I1–
I2¼100 μm, M–P¼50 μm. These images represent sections in the sagittal plane and are oriented such that dorsal is superior and caudal is on the bottom right. The
abbreviations “R” and “C” in panels A–H and M–P represent high magniﬁcation images of rostral or caudal folia, respectively.
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with SHH in vitro (Supplemental Fig. S5). We conclude that the
SHH signaling axis does not require cyclin A2 in CGNPs.
To characterize other cellular constituents of cerebellar cortex
in the nestin-cre, A1 /A2ﬂ/ﬂ mice, we performed immunoﬂuor-
escent analysis of PC neurons (Calbindin-positive (Pogoriler et al.,
2006)), cerebellar granule neurons (Zic1 (Nakata et al., 1998),
interneurons (AP2β,(Schuller et al., 2006) and astrocytes (GFAP)
at P7 in mutants and controls (Fig. 4I–L). This revealed striking
abnormalities in cell layering. We observed patches of densely
packed, and dyslaminated PC cells (Fig. 4I2, J2, and K2, dashed
white lines), oriented haphazardly throughout cerebellar cortex
and lacking normal, complex “pia oriented” dendritic arborization
(Fig. 4J2). While packed at higher density, total PC numbers were
not depleted (p40.3). While control cerebella show Bergmann
glia with processes extending from the PC neuron layer to the pia
(Fig. 4J1), such GFAPþﬁbers in nestin-cre, A1 /A2ﬂ/ﬂ mice were
diminished (Fig. 4J2). In control mice, Zic1þcells formed a band in
the inner EGL (“EGLb”) and in the IGL, whereas no discrete EGLb or
IGL was present in nestin-cre, A1 /A2ﬂ/ﬂ mice (Fig. 4K2).
Cytoarchitectural disorganization of interneurons was illustrated
by the pattern of AP2β immunoﬂuorescence Fig. 4L2). In summary,
the nestin-cre, A1 /A2ﬂ/ﬂ mice show a striking loss of EGL cells,
disorganized lamination of interneurons and PC cells, and poor
arborization of PC dendrites.
Cyclin A2 loss in embryonic neural progenitor cells results in
postnatal EGL proliferation defects
Defects in Pax6þCGNP cell proliferation and/or apoptosis may
cause the dysmorphic cerebella in the mutant mice (Engelkamp
et al., 1999; Yamasaki et al., 2001). We therefore evaluated
proliferation and apoptosis in CGNPs of nestin-cre, A1 /A2ﬂ/ﬂ
mice. Mice were injected with BrdU 2 h prior to sacriﬁce, and
evaluated by immunoﬂuorescent staining using anti-BrdU and
anti-pH3 antibodies (Fig. 5). Although greatly reduced in numbers,
some Pax6-positive CGNPs in nestin-cre, A1 /A2ﬂ/ﬂ cells showed
Fig. 5. External granule cell layer proliferation in nestin-cre, A1 /A2ﬂ/ﬂ Mice. Genotypes and postnatal ages are denoted on the top, molecular markers are color coded and
denoted on the left. Control and nestin-cre, A1 /A2ﬂ/ﬂ mice were sacriﬁced at P0 and P7 and analyzed by immunoﬂuorescent staining for Phosphohistone H3 (pH3), cleaved-
caspase-3, Pax6, and BrdU. In all sections, nuclei are counterstained with DAPI in blue. “R” denotes rostral cerebella, and “C” denotes caudal cerebellum. The EGL is
highlighted by white dashed lines in all panels except J1–J2, where the white dashed lines denote the PC neuron layer. In Panel A2, white arrow points to an IGL cell positive
for Pax6 and BrdU. Arrowheads in C1 and C2 point to cleaved caspase-3þ cells. In panel E and L, the quantiﬁcation of BrdUþ cells per cerebellar cross section at P0 and P7 is
plotted for the nestin-cre A1 /A2ﬂ/ﬂ and nestin-cre, A2ﬂ/ﬂ mice, respectively (Paired T-test) Panels F1–K2 illustrate data from nestin-cre, A2ﬂ/ﬂ mice. As expected, cyclin A2
expression, present in the EGL and IGL of controls, is lost in nestin-cre, A2ﬂ/ﬂ mice (F1 and F2). No statistically signiﬁcant difference in levels of apoptosis was noted by
cleaved-caspase 3 immunoﬂuorescence at P0 (H1 and H2). The cytoarchitecture of the nestin-cre, A2ﬂ/ﬂ was characterized by disorganized PC neurons with poorly formed
dendritic arborizations (I1 and I2, J1 and J2, white dashed line) and abnormal displacement of interneurons into the superﬁcial cortex with displacement of proliferative cells
(Pax6þKi67þ) into the IGL (K1 and K2). Scale bars are as follows: I1-I2¼100 μm, all remaining panels scale bar is 50 μm. These images represent sections in the sagittal
plane and are oriented such that dorsal is superior and caudal is on the right. The abbreviations “R” and “C” in panels A-H and M-P represent high magniﬁcation images of
rostral or caudal folia, respectively. (A2¼cyclin A2, casp¼cleaved caspase-3, Calb¼calbindin, error bars in E and L are SEM. Arrowheads in panel C1 and C2 point to cleaved
caspase-3 positive cells).
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immunoreactivity to BrdU or pH3 (Fig. 5A and B, EGL is white
dashed line), suggesting they could progress at least to S/M-phase
despite cyclin A2 loss (Van Hooser et al., 1998). Such proliferating
Pax6þcells also showed aberrant location outside the EGL (white
arrow, Fig. 5A2). The proportion of cleaved-caspase 3þcells at P7
(Fig. 5C) did not demonstrate a signiﬁcant increase in the propor-
tion of apoptotic cells in the nestin-cre, A1 /A2ﬂ/ﬂ mice relative to
the control in the EGL (p40.3). These data suggest A-type cyclins
are necessary for normal proliferation of CGNP cells, and suggests
that the cerebellar dysmorphia is caused by abnormal proliferation
of CGNPs.
Loss of one D-type cyclin will result in compensation by other
D-type cyclins (Ciemerych et al., 2002). We therefore tested if
cyclin A1 function was capable of compensating for cyclin A2 loss.
Cyclin A1þ /þA2ﬂ/fl animals (hereafter referred to as A2ﬂ/fl) were
crossed with nestin-cre animals and evaluated by immunoﬂuor-
escent staining for the cerebellar markers described above. As
shown in Fig. 5F–K, the cerebella of nestin-cre, A2ﬂ/ﬂ animals
showed a phenotype that was indistinguishable to nestin-cre,
A1 /A2ﬂ/ﬂ (compare Fig. 5F–K to Fig. 4). Thus, cyclin A1 cannot
compensate for essential cyclin A2 functions during CNS
development.
Total CGNP proliferation in the EGL was reduced in the nestin-
cre, A2ﬂ/ﬂ mice similar to the nestin-cre, A1 /A2ﬂ/ﬂ (Fig. 5L).
However, neither in the nestin-cre, A1 /A2ﬂ/ﬂ nor the nestin-cre,
A2ﬂ/ﬂ mice was a complete block in proliferation noted (see BrdU
and pH3 immunohistochemistry in Fig. 5B2, D2, and G2). Hence,
cyclin A2 null cells are capable of progressing through S-phase and
M-Phase, perhaps through redundancy of other cyclins. By wes-
tern blot, the P1 cerebellum shows undetectable levels of cyclin A2
in the nestin-cre, A2ﬂ/ﬂ mice (A60 isoform is illustrated), whereas
robust levels of A60 are seen in the control cerebellum
(Supplemental Fig. S2A). The loss of cyclin A2 correlated with an
elevation of cyclin E1 protein levels. Microscopic examination of
the EGL demonstrated that CGNP's of control and nestin-cre, A2ﬂ/ﬂ
mice show cyclin E1 in pH3þ cells (Supplemental Fig. S2B). These
Fig. 6. Distinct cerebellar neural progenitor compartments show differential requirements to cyclin A2. (A–D) Embryonic ages and genotypes are on the top and the
molecular marker is on the left. Panels A, B, C, and D illustrate orientation of the pertinent structures quantiﬁed in E, F, and G. At E14.5, the EGL shows marked elevation in
cleaved caspase-3 and a modest reduction in volume. No statistical difference between total volume and cleaved caspase-3þ cells is noted in the 4th ventricular VZ/SVZ at
E14.5 or the EGL at E17.5. (Scale bars in A, B, C, D¼100 μm. Scale bars in A1, A2, B1, B2, C1, and D1¼12.5 μm, EGL¼external granule layer, VZ/SVZ¼ventricular zone/
subventricular zone, n in G denotes statistical signiﬁcance, scale bars in E, F, G¼SEM, p values determined by 2-tailed homoscedastic T-test). White arrows in panels A1, A2,
B1, B2, C1 and C2 illustrate cells that are positive.
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data indicate that cyclin A2 null cells enter S-phase and M-phase,
perhaps through compensation by elevation in cyclin E1 protein.
EGL area is proportional to CGNP proliferation (Heine and
Rowitch, 2009) and was dramatically reduced in nestin-cre, A1 /
A2ﬂ/ﬂ mice. To test grossly for postnatal expansion of the EGL, we
measured total EGL cross-sectional area at P0 and P7 in control and
nestin-cre, A2ﬂ/ﬂ mice. The EGL cross-sectional area was smaller in
the mutants at P0 (nestin-cre, A1 /A2ﬂ/ﬂ mice¼54,208. 8 μm2
(SD¼6759); control¼302,528.5 μm2 (SD¼17,427), p¼0.01 by
paired T-test), and at P7 (nestin-cre, A1 /A2ﬂ/ﬂ mice¼266,289 μm2
(SD¼27,113); control¼3,794,192 μm2 (SD¼437,382), po0.05 by
paired T-test). This represents a 12.5-fold increase in EGL area
increase from P0-4P7 in control cerebella whereas the mutant
cerebella showed only a 4.9 fold increase in EGL area. Hence, cyclin
A2 null CGNP's cause growth of the EGL, albeit more slowly. We
conclude that slower growth of the CGNPs in cyclin A2 null cells
contributes to the dysmorphic cerebella.
Rhombic lip-derived and VZ/SVZ-derived neural progenitor cells show
differentiation requirements to cyclin A2
To test if cerebellar development showed requirements of
cyclin A2 at earlier embryonic ages, we evaluated EGL volume
and programmed cell death in E14.5 and E17.5 embryos and 4th
ventricular VZ/SVZ volume and programmed cell death at E14.5.
Purkinje neurons are generated from the fourth ventricular VZ/SVZ
during E13-E17 (Yuasa et al., 1991). Volumes were calculated by
Cavalieri estimation, and total cleaved caspase-3 positive cells
were quantiﬁed by optical fractionator (see Methods). These data
are illustrated in Fig. 6A–D. At E14.5, the EGL total volume was
40% reduced in nestin-cre, A2ﬂ/ﬂ mice. In contrast, the nestin-cre,
A2ﬂ/ﬂ EGL showed a signiﬁcant increase in the number of cleaved
caspase-3þ cells (Fig. 6G). In contrast, the 4th ventricular VZ/SVZ
showed no change in volume and no statistically signiﬁcant
difference in programmed cell death between control and
Nestin-cre, A2ﬂ/ﬂ mice (Fig. 6E). Although we noted a trend of
increased cleaved caspase-3þ cells at E17.5, this ﬁnding did not
meet our threshold for statistical signiﬁcance (Fig. 6F). We con-
clude that cyclin A2 loss in embryonic cerebellar VZ/SVZ neural
progenitor cells does not induce programmed cell death, whereas
cyclin A2 loss in embryonic CGNPs induces increased programmed
cell death.
Intrinsic proliferative defects in CGNP's results in architectural
cerebellar defects
Nestin-cre causes recombination in multipotent CNS progeni-
tors in both forebrain and hindbrain progenitor compartments;
thus, cre expression begins during early embryonic development
amongst a broad pool of CNS progenitors. Thus, to investigate
CGNP cell-type speciﬁc requirements for cyclin A2 function, we
crossed conditional A2ﬂ/ﬂ mice to Math1-cre mice (Schuller et al.,
2008). Overall, this yielded a relatively mild cerebellar hypoplasia
phenotype relative to the Nestin-cre, A2ﬂ/ﬂ mice with pathology
conﬁned to particular rostral cerebellar folia of Math1-cre, A2ﬂ/ﬂ
mice. We found that this mild phenotype was due to preservation
of cyclin A2 expression in the caudal folia, whereas the rostral folia
showed cyclin A2 loss (Fig. 7, compare A2 and A3). PC dendrites in
the rostral folia had poor arborizations and their somata failed to
resolve into a monolayer (Fig. 7A2–A2′). The underlying IGL Zic1þ
cells were decreased in numbers (Fig. 7B2), and we observed
abnormal/ectopic sites of CGNP proliferation in the EGLb and IGL
(Fig. 7C2). Nevertheless, bergman glial processes were not dis-
rupted in A2 null CGNPs (Fig. 7B2). We conclude that cell-intrinsic
cyclin A2 loss in CGNPs results in cerebellar cortical disorganiza-
tion, including PC cell dyslamination. Furthermore, in areas were
cyclin A2 was lost in CGNP's of Math1-cre, A2ﬂ/ﬂ mice, the
cytoarchitectural abnormalities were similar to those found in
the cerebella of Nestin-cre, A2ﬂ/ﬂ mice.
The above ﬁndings suggest that normal PC lamination requires
cyclin A2 expression in CGNP cells. This raised the possibility that
PC lamination might require normal cell-intrinsic control of
proliferation of CGNPs. As shown above (Fig. 4), cyclin A2-deﬁcient
CGNP's show some Gli1 expression, indicating that a proliferative
defect probably lies downstream of Shh-Smo signaling. With this
in mind, we analyzed function of Nmyc, a factor known to be
critical for the CGNP cell-intrinsic SHH proliferative response
(Kenney et al., 2004). Math1-cre, Nmycﬂ/ﬂ mice also showed
relatively strong cre expression in the rostral, but not caudal folia
(Supplemental Fig. S4A). Consequently and similar to the Math1-
cre, A2ﬂ/ﬂ mice, Nmyc expression was lost rostrally yet preserved
caudally, supplying an internal control. Gli1 expression was pre-
served in the area of Nmyc loss (Supplemental Fig. S4D), indicating
that Shh-Smo signaling axis is intact in Nmyc null CGNP cells. Of
note, cyclin A2 protein was detected in the areas of Nmyc loss,
indicating that cyclin A2 expression does not require Nmyc
expression (Supplemental Fig. S4F). However, similar to our
ﬁndings in the Math1-cre, A2ﬂ/ﬂ mice, we observed PC neuron
dyslamination, poorly formed dendritic arborization and
decreased IGL cells (Supplemental Fig. S2G and H). In summary,
loss of cyclin A2 in Math1 positive cells phenocopies Nmyc loss in
Math1 positive cells. Together, these ﬁndings suggest that proper
cerebellar cortical lamination requires normal proliferation of EGL,
which requires intact CGNP cell-intrinsic proliferative response
machinery. Indeed, we propose that any abnormality resulting in
severely reduced CGNP proliferation, either extrinsic (e.g., loss of
Smo) or intrinsic (e.g., loss of cyclin A2 or Nmyc) would cause a
phenotype of PC dyslamination and other layering abnormalities
noted above.
Discussion
Normal EGL proliferation is required for cerebellar cortical lamination
The cyclin A2 cerebellar phenotype is different from that
reported upon ablation of other cyclins. Loss of cyclin D1 leads to
diminished post-natal cerebellar growth, diminished PC neuron
dendritic arborization, and has a much milder CGNP proliferative
phenotype than the cyclin A2 null mice presented here (Pogoriler
et al., 2006). In contrast, although cyclin D2 null mice also have
decreased EGL proliferation, they do not show such drastic
abnormalities in PC dendritic arborization or cortical lamination,
and Bergmann glial ﬁbers appropriately extend to the sub-pial
surface (Huard et al., 1999). Although concurrent loss of two D-
type cyclins leads to small cerebella, these mice show better-
formed folia and minimal PC displacement into the molecular
layer (Ciemerych et al., 2002).
In contrast, the cyclin A2-null phenotype is more severe
indicating its critical function downstream of SHH signaling. SHH
treatment upregulates cyclin A2 in CGNP's (Zhao et al., 2002) and
cyclin A2 is highly expressed in medulloblastoma (Thompson et al.,
2006). Several studies show that cerebellar SHH loss decreases
cerebellar foliation and induces PC dyslamination (Dahmane and
Ruiz i Altaba, 1999; Wechsler-Reya and Scott, 1999), similar in
severity to cyclin A2-null animals. In addition, seminal experi-
ments by Altman and Anderson (1971) have shown that preven-
tion of EGL proliferation by brain irradiation leads to cerebellar
pathology, including small cerebellar size and PC dyslamination.
However, it has been unclear as to whether these abnormalities in
cerebellar lamination are due to absent SHH “morphogen” signal-
ing or to just a consequence of decreased CGNP proliferation
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independent of SHH's morphogen activities. Indeed, it has been
proposed that Shh has a direct role in cerebellar morphogenesis
and foliation (Corrales et al., 2004, 2006).
To address these questions, we targeted the A2 and Nmyc
alleles using cre-loxp targeting technology, and our data show
that reducing EGL proliferation intrinsically by targeted disruption
of cyclin A2 and Nmyc also alters cerebellar cortical lamination.
Furthermore, cyclin A2 null CGNP cells express Nmyc, and Nmyc
CGNP cells express cyclin A2. Hence, the phenocopy between these
Math1-cre, A2ﬂ/ﬂ and Math1-cre, Nmycﬂ/ﬂ is not due to a direct
mechanistic link between cyclin A2 and Nmyc. Although our in situ
hybridization data demonstrating preserved Gli expression in
cerebella of Nestin-cre, A2ﬂ/ﬂ mice may be due to expression in
Bergman glia (Dahmane and Ruiz i Altaba, 1999), our in vitro CGNP
cultures conﬁrm the Math1-cre, A2ﬂ/ﬂ data in that they demon-
strate that SHH treatment of A2-null CGNPs show a functional
response to SHH. Taken together, our data suggest that intrinsic
proliferative defects of the EGL leads to secondary abnormalities of
cerebellar cortical lamination, and suggests that inhibition of
CGNP proliferation—due to any cause—would lead to cortical
dyslamination and reduced foliation (see Fig. 8 for schematic).
One notable distinction however between the cyclin A2 null and
SHH null phenotype in cerebellum is the presence of ectopic
proliferative Pax6þ cells in the IGL, which suggests that cyclin A2
loss in CGNP's might effect placement of EGL cells or affect the
response to SHH signaling in deeper layers the EGLb and IGL,
which are normally non-proliferative.
Cyclin A2 regulatory functions in cerebellum
Under normal conditions, murine cyclin A1 is highly expressed in
testicular germ cells (Sweeney et al., 1996) with only low expression
levels reported in brain (Yang et al., 1997b). Furthermore, cyclin A1 is
capable of interacting with critical cell cycle regulators including
Fig. 7. Intrinsic proliferative defects in CGNP's results in dyslamination of Purkinje neurons. Genotypes and postnatal ages are denoted on the top, molecular markers are
color coded and denoted on the left. Cyclin A2 was deleted in cerebellar granule precursor cells by intercrossing with Math1-cre mice and evaluated at P7 (genotypes are
indicated atop each column). These mice showed incomplete cre-expression in caudal folia, which showed preserved cyclin A2 expression (A3). However, rostrally cyclin A2
was not detected in the EGL (A2). Calbindin staining in control shows laminar PC neurons, which in the cyclin A2 deleted areas showed PC neurons in dyslaminated
aggregates (compare A1–A1′ to A2–A2′, and the internal control of A2, A3–A3′ ). Additional cytoarchitectural abnormalities included loss of Zic1þ cells in the EGL-b and a
decrease in Zic1þ cells in the IGL (B1-B2). Pax6þKi67þ cells were present in the full thickness of the EGL in theMath1-cre, cyclin A2ﬂ/ﬂ mice, which should normally show a
band of Pax6þKi67-negative cells in the EGL-b (C1 and C2). White arrows in panel C3 point to Pax6þKi67þ IGL cells. In the caudal folia of Math1-cre, A2ﬂ/fl mice showed
preserved cyclin A2 expression and showed cytoarchitecture similar to the control. Scale bars are as follows: A1–A3, B1–C3¼50 μm, A1′–A3′¼20 μm, The images show
cerebella sectioned in the sagittal plane with the upper right being dorsal and the lower left being rostral (A2¼cyclin A2, Calb¼calbindin).
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CDK2, the RB family of proteins, the E2F1 transcription factor, and
p21 (Yang et al., 1999). These ﬁndings raised the possibility that cyclin
A1 might show redundancy with cyclin A2. Our data demonstrate
that cyclin A2 shares no redundancy with cyclin A1 in the developing
cerebellum. This is in direct contrast to the D-type cyclins (cyclin D1,
cyclin D2, and cyclin D3). D-type cyclins show a stereotypical tissue-
speciﬁc expression pattern, yet under experimental conditions in
which a D-cyclin is lost, the remaining D-type cyclins increase their
expression and partially compensate for the deleted D-cyclin
(Ciemerych et al., 2002).
Cyclin A2 has been shown to play a crucial role in cell cycle
progression, where it interacts with CDK2 and CDK1 during
S-phase and at the G2-4M transition, respectively (Pagano
et al., 1992); the cyclin A2/CDK1 complex in turn regulates cyclin
B activity during the G2-4M transition (Devault et al., 1992).
Redundancy between E- and A-type cyclins was suggested by
reports that both cyclins were capable of S-phase promoting
activity (Strausfeld et al., 1996). In ﬁbroblasts, loss of cyclin A2
does not prevent cell proliferation due to compensation by cyclin
E1, which becomes expressed throughout the cell cycle. The
ﬁnding that cyclin E1 protein levels are increased in cyclin A2 null
cerebella suggested the presence of a similar redundancy. Never-
theless, the cerebella of cyclin A2 null mice shows drastic
cytoarchitectural abnormalities. These data not only conﬁrm that
cyclin A2 shows incomplete redundancy with cyclin E1 in the EGL,
but also that the nature of the cyclin A2 dependency in CGNP's is
distinct from hematopoietic stem cells (Kalaszczynska et al., 2009).
In ﬁbroblasts, the A60 form of cyclin A2 is found and loss is
compensated by Cyclin E1 (Kalaszczynska et al., 2009). Our data
demonstrating increased levels of cyclin E1 in the cerebellum
suggest that some compartments of the cerebellum show redun-
dancy between cyclins A2 and E1. In particular, elevated apoptosis
in E14.5 EGL without elevated apoptosis in the 4th ventricular
neuroepithelium supports this notion. These data indicate that
distinct stem cell compartments of the cerebellum show differ-
ential requirements to cyclin A2. Furthermore, our ﬁndings that
post-natal CGNP's of the nestin-cre, cyclin A2ﬂ/ﬂ mice can incorpo-
rate BrdU and reach mitosis demonstrate that these cells are
capable of proceeding through S-phase into M-phase. Our data
suggest that the postnatal dysmorphic cerebellar phenotype may
be due to a combination of early embryonic cerebellar apoptosis in
the EGL anlage and due to stunted proliferation of the postnatal
EGL. In contrast, other cell types in the cerebellum may not be
affected because their ancestral progenitor cell compartments
show a redundancy for cyclin A2 function by other cyclins such
as cyclin E1.
Conclusions
We tested the hypothesis that cerebellar development requires
A-type cyclin function through a conditional deletion approach.
During this postnatal period, cytoarchitectural abnormalities of
cerebellar cortex in conditional cyclin A2 null mice were noted and
were dependent on cell intrinsic proliferative characteristics of
CGNP's downstream of SHH signaling. Cyclin A2 loss cannot be
compensated for by cyclin E1 expression in the EGL. Furthermore,
distinct progenitor compartments of the cerebellum show differ-
ential requirements to cyclin A2. These data underscore novel roles
of cyclin A2 in cerebellar morphogenesis and cortical organization.
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